Alfalfa (Medicago sativa Leyss) is an important forage crop whose production is hampered by pests, including the alfalfa weevil (Hypera postica Gyllenhal) which is a major problem in many areas. Flaming during dormancy could be an alternative control measure. Late fall and early spring flaming at three intensities were compared with pesticide and no treatment for their effects on alfalfa weevil damage and weed density. In four site-years, flaming at high intensity generally reduced weevil damage to alfalfa. When winter annual broadleaf weeds were prevalent, flaming decreased their density. When fall and spring flaming effects were different, spring flaming gave better results.
Introduction
Alfalfa (Medicago sativa Leyss) is a major forage crop fed primarily to dairy cows and other livestock that require high-quality feed. Alfalfa has produced the highest average net returns of dryland crops in Kansas, even for the "post-ethanol" years of 2007 to 2012, and is rivaled only by soybean [1] . In the previous five years (2008 to 2012), an average of 8 million hectares of alfalfa were harvested in the US, producing more than 59 million tons of dry hay valued more than $9.5 billion [2] . Alfalfa is also one of the more prolific nitrogen-fixing legumes, making it useful in long-term rotations as a soil-builder that can supply nitrogen to ensuing crops. Thus, despite a recent decline in area, it maintains its place as the fourth-ranked harvested and valued crop in the U.S.
Alfalfa production continues to be hampered by numerous pests, particularly the alfalfa weevil (Hypera postica Gyllenhal) [3] . The weevil causes substantial costs to producers in many regions in terms of both forage yield and flail-type mower increased first-cut yields over the check by 16% and 96% in 1991 and 1992, respectively. Dormant-season flaming could also affect other pests such as aphids and/or other insects and diseases. The use of flaming for weed control was recently reviewed [19] , but the study considered only annual crops that had been treated during the growing season. The authors identified advantages for flaming that could apply to alfalfa production; i.e., there were no residual crop or environmental effects from chemicals, and one flaming treatment could replace separate treatments and spare the expense for insecticide and herbicide. In comparing flaming of 11 weed species, however, the authors found that higher amounts of fuel were required to control broadleaf versus grassy weeds at similar stages [19] . In an alfalfa study, early spring flaming did not reduce downy bromegrass (Bromus tectorum L.) production in the first cutting, whereas broadleaf weed production was reduced by 75% [13] .
The objective of this study was to compare late-fall and early spring residue removal by flaming at different intensities using an LP gas burner with chemical control treatments for effects on weevil damage, weed density, forage production, and presence of other pests. The first criterion for evaluation was efficacy, as measured by reduction in populations of weevil larvae, and other pests such as aphids and weeds, and ultimately in terms of pure alfalfa yield and quality.
Materials and Methods

Year 1: 2011-2012
In Labette County, KS, near Mound Valley, plots were located in an established > 5-year alfalfa stand. In Lyon County, KS, plots were also in an established field. Treatments at both sites included a 3 × 2 factorial of flaming treatments, applied at one of two times, "fall" or "spring," at one of three intensities of flaming, varied by the speed of the burner. A positive, pesticide-treated check and an untreated (negative) check were included to comprise eight treatments. Four replications were arranged in a randomized complete block design with individual plots of 3 × 7.5 m.
The burners were Flame Engineering Model LT 2 × 8, built as described in [20] . They were spaced at 30 cm and operated at 350 kPa with burner tips 5 -8 cm above the ground.
Fall flaming was performed at Mound Valley on 29 November and at Emporia on 15 November. Spring flaming occurred on 27 February at Mound Valley and 6 March at Emporia. Plots were flamed at 3.4 km/hour for "low", 2.1 km/hour for "medium", and 1.8 km/hour for "high" intensity. Although all intensities removed dry residue, temperatures at the soil surface varied with intensity, influenced by atmospheric and canopy conditions. At Mound Valley on 29 November, with air temperature of 2˚C and still conditions, temperatures at the soil surface measured about 10˚C, 55˚C, and 91˚C for low, medium, and high intensity, respectively, measured with an Omega Type K high-temperature probe. Soil surface temperatures at Emporia were similar for the fall flaming, despite warmer air temperature, because wind velocity was low at both locations. In spring, air temperature at Emporia on 6 March reached above 16˚C, but the wind velocity was 50 km/hour with gusts to 55 or greater, so soil surface temperature from the Low-intensity flaming was ca. 25˚C, but temperatures at the higher intensities could rarely exceed 38˚C.
The pesticide-treated check received a dormant herbicide application of 2.8 kg/ha of AlfaMax ® (54% diuron and 46% hexazinone) on 4 January at Mound Valley and 6 March at Emporia. Pesticide-treated plots also received 0.84 kg/ha ai of chlorpyrifos on 28 March at both locations, although all plots at Emporia had been inadvertently sprayed with insecticide by the cooperator about two weeks earlier due to early weevil emergence.
Air temperatures in early 2012 were warmer than usual in eastern Kansas. The NOAA weather station at the Mound Valley Unit of the Southeast Agricultural Research Center ca. 4 km south of the plot area recorded mean air temperatures for January, February, and March 2012 that were 3.0˚C, 1.7˚C, and 5.5˚C, respectively, above the 30-year average. These temperatures provided the heat units required for hatching [12] one to two weeks earlier than average, leading to a prolonged period of infestation that was dealt with by many producers with multiple insecticide applications.
Plots at both locations were evaluated visually for alfalfa weevil damage on a scale of 0 to 5, based on percentage of leaves damaged, and similarly for assessment of weed density. This occurred on 28 March at Emporia and 3 April at Mound Valley. Plots at Mound Valley were cut with a flail-type plot harvester on 23 May for determination of forage production and subsampled for total forage dry matter and N concentrations. No further data were collected at Emporia because all plots were again sprayed with insecticide in early April.
Subsamples of pure weed and alfalfa were collected at harvest from the Mound Valley site from each replication and assayed, as was a total forage subsample from each plot. Dry matter and N contents of weed and alfalfa varied enough to calculate proportion of alfalfa in samples of each plot, using the method of Cooper et al. [21] (see Table 1 
Year 2: 2012-2013
Two sets of plots were located in Labette County, KS, including the same plots that were used the previous year. The other set was located near Dennis, KS, using the same experimental design. Fall flaming was performed 12 December and spring flaming was 13 March at both locations. Speeds were similar for the previous low-and medium-intensity flaming, 3.5 and 2.1 km/hour, respectively. For high intensity, however, the speed was reduced to 1.1 km/hour for increased temperature at that treatment. Temperatures at the soil surface for the fall flaming were about 47˚C, 54˚C, and 98˚C for low, medium, and high flaming intensities, respectively, when air temperature was approaching a high of 10˚C. On 13 March, when air temperature was near the 26˚C daily maximum, soil surface temperatures reached 69˚C, 84˚C, and 129˚C for low, medium, and high flaming intensities, respectively.
The positive (pesticide-treated) check plots at Dennis were sprayed for weed control on 20 March with 1.1 kg/ha ai of 2,4-DB and 0.34 kg/ha ai of sethoxydim, with 0.5% non-ionic surfactant. Positive checks at Dennis were sprayed on 9 April for weevil control with 0.14 kg/ha of Baythroid XL insecticide. At Mound Valley, the 3 Visual rating: 0 = none, 5 = all leaves damaged. 4 Rating: 0 = no weeds, 5 = weed coverage over entire plot. 5 Yield expressed as megagrams DM/hectare. 6 Calculated by replication from concentrations in pure alfalfa and weeds (see Methods). Average DM and N were 282 and 27.2 g/kg for alfalfa, and 384 and 19.3 for weeds. 7 Sprayed with AlfaMax ® on 4 January 2012; with Lorsban ® on 28 March.
positive control was sprayed on 9 April with 0.49 kg/ha ai chlorpyrifos and 0.11kg/ha zeta-cypermethrin for weevil control, then with 0.84 kg/ha ai glyphosate and 0.5% non-ionic surfactant for weed control, because it was a Roundup-Ready variety. Plots at Mound Valley were evaluated visually for percentage of alfalfa leaves damaged by weevils ( Table 1 ) on 9 April and 17 April, and counts of weevil larvae per 10 stems were taken on the latter date. Alfalfa was harvested for forage yield and subsampled for dry matter content on 13 May; weed infestation was relatively minor. At Dennis, weevils appeared later, and weed infestation differences made visual assessment difficult, so plots were harvested on 11 May for forage yield and subsampled for dry matter, N, and P contents. Subsamples of pure weed and alfalfa were collected as before to determine alfalfa percentage in forage. Dry matter, N, and P contents of weed and alfalfa varied enough to calculate the percentage of alfalfa in plot samples as before [21] , except that N/P ratios (on a fresh weight basis) were used.
Results and Discussion
Year 1: 2011-2012
At Mound Valley, weevil damage on 3 April was greater with the negative check (no treatment) than with pesticide treatment (positive check), high-intensity fall flaming, or spring flaming at low or high intensity ( Table 1 ).
In the absence of an interaction between time and intensity of flaming, average weevil damage with fall or spring flaming did not differ. Flaming intensity had no significant effect, although the high-intensity treatments appeared to show less weevil damage.
A moderate infestation of cool-season annual broadleaf weeds occurred, primarily of shepherdspurse [Capsella bursa-pastoris (L.) Medik] and henbit (Lamium amplexicaule L.). Weed density was lower where pesticide was used than in all other treatments ( Table 1) . Density was higher with no treatment than with fall flaming at medium and high intensity and with spring flaming at high intensity. Average weed density was less with highthan low-intensity flaming, with the medium intensity treatment intermediate. Average weed density did not differ in average weed density between fall and spring flaming.
Total forage yield on 23 May was lower from the pesticide treatment than from all flamed treatments except for the spring-flamed at medium intensity, similar to the untreated check ( Table 1) . This was because of the difference in weed yield of the treatments, as indicated by the difference in total forage and alfalfa yield from different treatments. Because AlfaMax-treated plots were virtually weed-free, the yield of pure alfalfa was calculated to be higher for the pesticide and high-intensity spring flaming treatments than for the untreated and low-intensity fall flaming treatments. The relationship between the weed density assessment made on 3 April and alfalfa yield on 23 May was negative overall (r = −0.35; P = 0.07).
At Emporia, average weevil damage on 28 March was less with spring than fall flaming, and with high-than with medium-or low-intensity flaming, with no interaction ( Table 2 ). The high-intensity flaming treatments, both fall and spring, had less weevil damage than treatments other than the medium-intensity, spring flaming treatment and the untreated check. Conversely, the positive check, treated only with herbicide prior to assessment, had more weevil damage than all other treatments. A negative relationship existed in the positive and negative checks between weevil damage and weed density.
Weed density, primarily shepherdspurse and common chickweed [Stellaria media (L.) Vill.], was higher in all other treatments compared with the herbicide treatment ( Table 2) . Their density was lower in medium-intensity, spring-flamed treatments than in untreated plots, as well as in those that were fall-flamed at low and medium intensities. Average weed density was reduced in spring compared with fall flaming, with no interaction. There seemed to be confounding effects of flaming between weed density and weevil damage. The two traits were negatively correlated (r = −0.91; P = 0 .01) in the checks, as noted previously; however, the relationship was positive (r = 0.54; P = 0.02) when only flamed plots were included in the analysis.
Year 2: 2012-2013
At Mound Valley, weevil damage on 3 April, prior to chemical treatment, was greater for the checks than for all others ( Table 3) . The checks had more weevil damage than both the medium-and high-intensity flaming treatments in both fall and spring, with no interaction. Average weevil damage from fall and spring flaming did not differ, but flaming intensity had a clear effect, with successively less damage for each increase. On 17 April, weevil damage was again greater for the checks than for all other treatments except the low-intensity flaming treatments ( Table 3) . The checks, in turn, had more weevil damage than the high-intensity flamed treatments and the medium-intensity treatment flamed in the spring. Again, average weevil damage of fall and spring flaming did not differ, but there was a significant flaming intensity by time interaction (Figure 1 ). Low flaming intensities had more weevil damage than high intensities, regardless of time; however, at medium intensity, spring flaming was more effective at reducing weevil damage than fall flaming. High-intensity flaming at either time resulted in less weevil damage than medium-intensity flaming in fall.
Numbers of weevil larvae on 17 April in the negative check, the low-intensity flaming treatments for both fall and spring, and in the medium-intensity, fall-flamed treatment were greater than in the pesticide-treated and in the medium-and high-intensity spring-flamed treatments ( Table 3) . Average weevil larvae numbers for fall and spring flaming did not differ, but the average number of larvae in the low-intensity flaming treatment was higher than in the medium-and high-intensity flaming treatments. Numbers of weevil larvae on 17 April were lower for the pesticide treatment than for the negative check, in contrast to the amount of weevil damage in the two treatments. This result was perhaps because the alfalfa had not recovered from damage incurred prior to effects of the treatment, but overall larvae numbers were positively correlated (r = 0.70, P < 0.01) with the extent of weevil damage on 17 April, despite the dramatic reversal of the checks.
Weed density in April at Mound Valley seemed relatively minor, so subsampling for yield and dry matter determinations at harvest replaced visual assessments. Forage yield on 13 May showed no differences among treatments (Table 3) , so conditions after 17 April were apparently sufficient for alfalfa to overcome previous damage. As an indicator, dry matter content of forage was greater for the untreated check than for all treatments except for the low-intensity flame treatment. The low-intensity fall flamed treatment, in turn, had higher dry matter content than the high-intensity spring flame treatment. Average forage dry matter content was higher for fall-than spring-flamed treatments, but averages among flaming intensities did not vary significantly ( Table 3) . These differences could be attributed to the removal of winter annual broadleaf weeds, primarily field pepperweed [Lepidium campestre (L.) W.T. Aiton], which was relatively mature and thus had higher dry matter content than alfalfa.
At Dennis, plots were harvested for forage yield and subsampled for weed density determinations, because most weevil damage occurred after treatment and because weed infestation, primarily common chickweed, made visual assessment difficult. Total and alfalfa yields were higher in high-intensity flaming treatments than in the others ( Table 4) . Medium-intensity flaming treatments yielded more total forage than the check and pesticide treatments, and more alfalfa forage than the latter. Spring-timed, medium-flarned treatments also yielded more total and alfalfa forage than the check. The more intense flaming treatment provided apparently better control of chickweed than the 2,4-DB applied at the time of pesticide treatment.
Flaming alfalfa during dormancy generally provided some weevil control and reduced the number of broadleaf weeds. In the former case, removal of residue was not sufficient to reduce larval population. Low-intensity flaming, which adequately removed dried litter, did not supply sufficient heat to deter weevil infestation, as evidenced by the difference between fall and spring flaming at Emporia during a warm, open winter when egg- 4 Calculated by replication from concentrations in pure alfalfa and weeds (see Methods). Average DM, N, and P were 167, 37.7 and 3.9 g/kg for alfalfa, and 118, 16.9 and 4.4 for weeds. laying could continue after fall flaming. Further investigation is needed to determine whether heat affects oviposition, egg viability, or another characteristic, and the temperature that would be required to disrupt each stage.
An economic assessment of flaming was not possible in this study, because our equipment could not provide a reliable measure of fuel usage. The amount of fuel needed to provide temperatures sufficient for control would vary, depending on burner design and orientation, and on prevailing atmospheric conditions and canopy characteristics. If benefits of insect control were combined with weed control, an efficient burner could be cost-effective for organic, and perhaps conventional, producers; however, the fact that grassy weeds are more difficult to control with flaming [13] [19] would limit the method's usefulness. The disadvantages of flaming compared with other methods, besides cost of fuel and equipment, speed of treatment, and lack of residual control [19] , would be its inflexibility; that is, consistent treatment would be required in advance of any problem developing, without knowing its necessity.
